1. Background
=============

Polycystic ovary syndrome (PCOS), one of the most common endocrine disorders in women of reproductive age, has an estimated prevalence varying from 3% - 20%, depending on the diagnostic criteria used ([@A63135REF1]-[@A63135REF3]). According to the Rotterdam criteria, PCOS is diagnosed by any 2 or all 3 of the following criteria: hyperandrogenemia, oligo-anovulation, and polycystic ovaries ([@A63135REF4]).

Precise and adequate uterine contractile activity is vital for many reproductive functions, including sperm transportation, successful embryo transport and implantation, and also pregnancy and parturition ([@A63135REF5]); therefore, the normal function of uterus smooth muscle is important. Abnormal uterine contractility may underlie important clinical pathologies such as infertility, implantation failure, ectopic pregnancies, spontaneous miscarriages, preterm birth, and caesarean section; some of these disorders are reported in PCOS women ([@A63135REF6]-[@A63135REF12]).

There is a clinical relationship between uterine contractility and steroid hormones ([@A63135REF13], [@A63135REF14]).

Progesterone and estrogen are key regulators of myometrial growth and contractility and uterine peristalsis ([@A63135REF15]). Progesterone and estrogen play an important role in determining the contractile state of the pregnancy myometrium and the timing and process of parturition ([@A63135REF15]). In addition, recent studies have reported a shorter gestation and preterm delivery in hyperandrogenic PCOS women that may be due to the effects of androgen on myometrial contractions.

There is limited data concerning uterine contractility in PCOS women. Considering the ethical and practical limitations in human studies, animal models of PCOS are useful resources for further studies about uterine contractility in this syndrome.

We previously introduced a rat model of PCOS, induced by prenatal exposure to a single dose of testosterone that exhibited reproductive, ovarian, and metabolic disturbances similar to human PCOS, with minimum reproductive system morphological abnormalities ([@A63135REF16], [@A63135REF17]). Following reported disorders in PCOS women such as, infertility, pregnancy complications, and hormonal disorders, we hypothesized that uterine contractions in PCOS rats may be different from controls, in this study, we aimed to compare uterine contractions in PCOS rats with controls in adulthood.

2. Methods
==========

2.1. Animals and Care
---------------------

A total of 14 female Wistar rats were obtained from the Research Institute for Endocrine Sciences (RIES) animal center of Shahid Beheshti University of Medical Sciences (SBUMS), Tehran, Iran. One pair of male (120 - 130 days of age) and female (75 - 95 days of age) rats were kept in a polypropylene cage (43 cm × 30 cm × 15 cm) overnight in standard animal housing conditions (12 hours - 12 hours light/dark cycles and controlled temperature of 22 ± 3°C, relative humidity 45% - 55%), and water and food were available ad libitum. Observation of a vaginal plug after mating was considered as the 1st day of pregnancy. Pregnant rats were randomly divided into 2 groups, the experimental and control groups (7 rats in each group).

2.2. Hormonal Treatment for Producing a rat Model of PCOS and Animal Maintenance
--------------------------------------------------------------------------------

Seven pregnant rats in the experimental group received 5 mg of free testosterone (T1500; Sigma, Steinheim, Germany) dissolved in a 500μl of sesame oil (S3547, Sigma, Steinheim, Germany) and benzyl benzoate (B6630, Sigma, Steinheim, Germany) with a ratio of 4:1 by subcutaneous injection on the 20th day of pregnancy ([@A63135REF16]). A total of 7 pregnant rats in the control group were simultaneously injected with only 500 µL of solvent (sesame oil and benzyl benzoate). After a weaning period, female offspring of experimental and control groups were kept in groups of 4 per cage with ad libitum food and water. Prenatally androgenized (PNA) rats (rat model of PCOS) (n = 7) and controls (n = 7) between 100 - 110 days of age (in adulthood) were assessed for uterine contractility.

2.3. Isolated Tissue Bath Protocol and Determination of Mechanical Responses
----------------------------------------------------------------------------

Mechanical responses (resting tone, amplitude and frequency of rhythmic contractions) of isolated uterus were recorded in PCOS rats and controls, in the estrus phase, recognized by vaginal smear ([@A63135REF18]).

PCOS rats and the controls were anaesthetized by i.p. injection of pentobarbital sodium (P3761; Sigma) (60 mg/kg), the abdomen of animals was opened, both uterine horns were extracted (following extraction of uterine horns, rats were killed by heart incision) and placed in ice-cold modified Krebs' solution (NaHCO~3~, MgCl~2~, NaH~2~PO~4~, NaCl, KCl, CaCl~2~, Glucose, and Ethylenediaminetetraacetic acid (EDTA) (pH = 7.4), bubbled with 95% O~2~ and 5% CO~2~, the fat was removed, the right horn of uterus was cut into longitudinal strips, 2 mm in width and 5 mm in length. In order to measure mechanical responses of isolated uterus, each uterine strip was vertically mounted in an organ bath containing modified Krebs' solution, continuously bubbled with 95% O~2~ and 5% CO~2~ and warmed to 37°C. The length of the strips was adjusted several times until a stable tension of 1 g was attained ([@A63135REF5]). The isolated tissue bath was used to measure isometric contractility of longitudinal muscle using a transducer and changes in isometric force were recorded on an AD instruments power lab and data were saved electronically and quantified using the program Chart 7.0.

Prior to starting the experimental protocol, strips were allowed to equilibrate for at least 60 minutes in the bathing solution, and the solution was replaced every 15 minutes. KCl (60 mM), then, was added to the bathing solution to obtain reference contractions and the responses were recorded for 3 minutes; uteri were washed by replacing the bathing solution with fresh Krebs, until tone returned to baseline contraction status and then different doses of contractile agonists including carbachol (CCh, a cholinergic muscarinic agonist) and oxytocin (OXY), (CCh: 0.0008 g/mL and OXY: 5 IU/mL) were added to the bathing solution, respectively.

A 3-minute period of contractions to each dose of CCh was established and there was a 3-minute period of washout between different doses until the tone returned to the baseline; doses used for CCh included, 0.5, 1, 2, 3, 4, 5, and 6 (µM), in that order, with an increasing trend. OXY was then investigated in the same manner, doses including 0.1, 0.5, 1, 3, 5 and 10 (mU/mL), were added to the bathing solution. The KCl challenge was repeated at the end of the experiments to verify the viability of the tissues during the experiment.

CCh and OXY-induced uterine contractions were assessed by changes in the resting tone, amplitude of rhythmic contractions (maximal contraction minus basal resting tone), and frequency of rhythmic contractions (the number of rhythmic contractions), during 3-minute period of contraction after adding each dose of contractile agonists. Increases in resting tone and amplitude of rhythmic contractions were reported as percentages of 60 mM KCl-induced contractions.

2.4. Statistical Analysis
-------------------------

Data analysis was performed using the SPSS 15.0 PC package (SPSS Inc., Chicago, IL, USA). All data are expressed as mean ± SEM. Two-way analysis of variance (ANOVA) was used to compare results between the PCOS rats and controls, P values \< 0.05 were considered significant.

3. Results
==========

Uterine contractions were more irregular (higher frequency and resting tone, irregular pulses and pulse in washout period) in PCOS rats than controls, after exposure to both contractile agonists (CCh and OXY) ([Figures 1](#A63135FIG1){ref-type="fig"} and [2](#A63135FIG2){ref-type="fig"}).

![Uterine contractions after exposure to carbachol (CCh). Uterine contractions in PCOS rats: A, in controls B, doses of CCh: 1 = 0.5, 2 = 1, 3 = 2, 4 = 3, 5 = 4, 6 = 5 and 7 = 6 (µM).](ijem-16-02-63135-i001){#A63135FIG1}

![Uterine contractions after exposure to oxytocin (OXY). Uterine contractions in PCOS rats: A, in controls B, doses of OXY: 1 = 0.1, 2 = 0.5, 3 = 1, 4 = 3, 5 = 5, and 6 = 10 (mU/mL).](ijem-16-02-63135-i002){#A63135FIG2}

3.1. Carbachol
--------------

After exposure of isolated uterus to CCh, resting tone and frequency of rhythmic contractions increased significantly in the uterus of PCOS rats compared to controls (P = 0.02 and P = 0.004, respectively), ([Figure 3](#A63135FIG3){ref-type="fig"}A and B). In PCOS rats, resting tone showed an increasing trend until the 4th dose, after which it indicated a stationary state (with small changes) ([Figure 3](#A63135FIG3){ref-type="fig"}A); in addition, in PCOS rats, despite the increasing dose of CCh, frequency of rhythmic contractions showed minor changes, after the 3rd dose ([Figure 3](#A63135FIG3){ref-type="fig"}B), while in controls a more regular trend was observed, for both parameters (resting tone and frequency).

![Uterine contractions after exposure to carbachol. Data are expressed as mean ± SEM. Comparison of resting tone: A, frequency of rhythmic contractions; B, and amplitude of rhythmic contractions; C, between PCOS rats and controls. CCh doses: 0.5, 1, 2, 3, 4, 5, and 6 (µM). \* P \< 0.05, \*\* P \< 0.01.](ijem-16-02-63135-i003){#A63135FIG3}

After exposure of isolated uterus to CCh, no significant difference was observed in the amplitude of rhythmic contractions between the 2 groups ([Figure 3](#A63135FIG3){ref-type="fig"}C).

3.2. Oxytocin
-------------

No significant differences were observed in the resting tone, frequency, and amplitude of rhythmic contractions between the 2 groups, after exposure of isolated uterus to OXY ([Figure 4](#A63135FIG4){ref-type="fig"}A, B and C).

![Uterine contractions after exposure to oxytocin. Data are expressed as mean ± SEM. Comparison of resting tone: A, frequency of rhythmic contractions, B, and amplitude of rhythmic contractions, C, between PCOS rats and controls. OXY doses: 0.1, 0.5, 1, 3, 5, and 10 (mU/mL).](ijem-16-02-63135-i004){#A63135FIG4}

With increasing dose of OXY, resting tone increased in PCOS rats, while in controls the changes of resting tone were less ([Figure 4](#A63135FIG4){ref-type="fig"}A).

In controls, with different doses of OXY, the frequency showed more changes compared to PCOS rats. In PCOS rats, at doses of 0.1, 0.5, and 1 (mU/mL), frequency remained unchanged, while decreased at higher doses ([Figure 4](#A63135FIG4){ref-type="fig"}B). In this study, despite increasing doses of OXY, frequency of rhythmic contractions decreased, possibly indicating OXY resistance in the PCOS rats, a finding that needs to be further studied.

4. Discussion
=============

In this study, we compared the mechanical responses of isolated uterus (resting tone, amplitude and frequency of rhythmic contractions) after exposure to CCh and OXY between PCOS rats and controls. Our findings showed that, after exposure to CCh and OXY (contractile agonists), uterine contractions were more irregular (higher frequency and resting tone, irregular pulses and pulse in washout period) in the PCOS rats, compared to controls. CCh caused 2 types of responses in the uterus of PCOS rats; significant increases in resting tone and frequency of rhythmic contractions compared to controls. On the other hand, after exposure to OXY no significant differences were observed in mechanical responses of isolated uterus between 2 groups.

It has been shown that CCh and OXY increase cytosolic Ca^2+^ levels in myometrial cells ([@A63135REF19], [@A63135REF20]), leading to contraction of the uterus. Increased cytosolic free Ca^2+^ concentration has been considered as the primary signal for myometrium contraction ([@A63135REF21]-[@A63135REF23]).

In many smooth muscle tissues, mixed populations of muscarinic receptors are present. In rat myometrium, muscarinic M2, and M3 receptors have been identified ([@A63135REF24], [@A63135REF25]). CCh, through activation of muscarinic receptors, leads to cytosolic Ca^2+^ increase.

In the present study, after exposure to CCh, the frequency of isolated uterus increased in the PCOS rats, compared to controls; higher frequency of contractions observed in the PCOS rats is similar to those of a previous study conducted on humans reporting faster peristaltic frequency in women with PCOS compared to controls ([@A63135REF26]).

OXY is largely produced by the hypothalamus-pituitary and other tissues including the corpus luteum, adrenal medulla, and placenta ([@A63135REF27]-[@A63135REF30]); OXY effects are demonstrated via specific oxytocin receptors (OXYRs), expressed in the uterus, mammary gland, and brain.

Despite some changes observed in mechanical responses of the uterus in PCOS rats after exposure to CCh (frequency and resting tone), there were no significant differences in resting tone, amplitude, and frequency of rhythmic contractions of uterus between the 2 groups after exposure to OXY.

These inconsistencies in the responses to two contractile agonists (CCh and OXY) that observed between two groups of our study may be explained by differences in the number of receptors, the sensitivity of receptors, alterations in Ca^2+^ channels, the effects of hormones (e.g. high levels of androgen) on CCh receptors-upregulation in PCOS, up-regulation of phospholipase C1 (PLC1), and phospholipase C3 (PLC3) enzymes; the PLC signaling pathway plays an important role in the regulation of uterine contractility ([@A63135REF31]). One of the most important roles of OXY is initiation and maintenance of mammalian labor ([@A63135REF19], [@A63135REF32]); it has been suggested that at the end of pregnancy, uterine myometrium becomes extremely sensitive to OXY due to a rapid increase in the number of OXYRs ([@A63135REF33]-[@A63135REF35]). In addition, it has been reported that oxytocin induces greater force in pregnant myometrium than in non-pregnant myometrium ([@A63135REF36]). In the present study, non-significant differences in mechanical responses of isolated uterus to OXY may be due to use myometrium of non-pregnant rats, dosage of OXY, and duration of exposure. However, these need to be further researched.

We did not observe significant differences between our own study groups in amplitude of rhythmic contractions after exposure of isolated uterus to CCh and OXY, a finding is similar to that of another previous study, which showed no difference in amplitude of peristalsis contractions in PCOS women, compared to controls ([@A63135REF26]).

To our knowledge, it is the 1st study to investigate the contractions of isolated uterus in PCOS rats, compared to controls. This model may contribute to a better understanding of the cellular and molecular mechanisms involved in uterine contractions in PCOS, the study of which is impossible in humans. However, some limitations of our study include; 1, not evaluating uterine contractility in tissue from pregnant rats due to ethical limitations; this may affect the interpretation of our results and 2, the lack of similar studies for interpretation our data.

Further detailed intracellular signaling investigations suggested for future studies are the examination of expression of CCh and OXY receptors genes, histological examinations of uterus in PCOS rats, and examination of uterus contractions during longer time periods and with higher doses of contractile agonists.

4.1. Conclusions
----------------

Our study indicates more irregular uterine contractions and different mechanical responses of isolated uterus in PCOS rats compared to controls. One of the reasons for infertility and pregnancy complications (e.g. premature delivery, caesarean section and spontaneous miscarriages) in women with PCOS may be due to disturbed uterine contractions; a hypothesis however that needs to be further investigated in the future.
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